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Introduction

Mud volcanoes harbor unique geological features in respect 
to wide range of temperature (30–120  °C) that may pro-
vide a window into subsurface biosphere; as it carries deep 
seated sediments, fluids, minerals, gases such as methane 
(CH4), carbon dioxide (CO2), hydrocarbon components 
along with many unexplored biological constituents of the 
Earth’s sub-surface layer (Dimitrov 2002). Also, these vol-
canic eruptions are enriched of several metals such as Fe, 
Ni, Cd, Mn, Zn, Pb and As (metalloid) etc., posing high 
risks to the environment (Plumlee et al. 2008; Sholehhu-
din et al. 2019). Many extremophilic bacteria were reported 
from mud volcanoes including CH4 tolerant, sulfur metabo-
lizing, hydrocarbon degrading, multi-metal resistant, halo-
philes, thermophiles; viz. Methylobacterium rhodesianum, 
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Abstract
Bacterial genome analysis provides valuable insights into the identification of potential biomolecules for diverse biotech-
nological and therapeutic applications. Particularly, bacteria isolated from extreme environments such as mud volcanoes 
possess unique physiological and genetic traits that may offer novel opportunities for both in vitro studies and in silico 
drug target discovery. In this study, a total of 10 bacteria were isolated from Baratang mud volcano, located in Andaman 
and Nicobar Islands of India; of which strain BRTN was selected for further study based on its best ferrous sulfate (FeSO4 
MTC value 600  mg L−1) tolerance capability and antibiotic sensitivity profile (resistant to Gentamycin, Streptomycin, 
Ceftriaxone, and Sulphatriad). Optimum growth of BRTN was found at pH 8.0 and it could tolerate up to 16% NaCl. 
The whole genome sequencing, assembly, and annotation identified that BRTN had the most proximity with Bacillus gen-
era. The bacterium was associated with 3.35 Mb genome with 35.9% of GC content and harbored 3514 genes. Genome 
analysis revealed that Sulfur Utilization Factor (SUF) proteins was present in the accessory genome. Genome analyses 
confirmed the presence of SufB, SufC, SufD, SufE2, etc. SUF genes (non-homologous to human genome) that could be 
considered as potent targets to develop antimicrobial compounds. Furthermore, in silico analysis including homology 
modeling and receptor-ligand docking were carried out to characterize the selected SUF proteins and to assess their 
potentiality for functional inhibition by candidate ligands. Among all interactions, SufD showed best Vina score (−14.0) 
when it interacted with ChEMBL3921511, suggesting SufD protein as a potential drug target. Thus, the SUF system genes 
identified in this study may serve as promising targets for the development of novel antibacterial therapies.

Keywords  Antibiotherapy · Extremophiles · Drug target · Fe–S cluster · Fe–S cluster biogenesis machinery · SUF 
system
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Sulfurimonas crateris, Pseudomonas stutzeri, Sideroxydans 
lithotrophicus, Mariprofundus ferrooxydans, Halomonas 
daqingensis and Thermoactinomyces vulgaris etc. (Omor-
egie et al. 2008; Fru et al. 2012; Yang et al. 2012; Chen et 
al. 2015; Kokoschka et al. 2015; Tu et al. 2017; Ratnikova 
et al. 2020; Slobodkina et al. 2020). From the Baratang mud 
volcano (situated at Andaman and Nicobar Islands, India) 
different plant growth promoting, heavy metal resistant, 
organic matter degrading, thermostable enzyme produc-
ing, and bacteria with antioxidative properties like Bacillus 
megaterium, Rhodococcus sp., Streptosporangium sp., Geo-
bacillus toebii etc. have been reported previously (Dhaker et 
al. 2011; Ilayaraja et al. 2014; Manna et al. 2021; Meena et 
al. 2023). Accordingly, it is evident that, mud volcano offers 
diverse research opportunities to harness associated micro-
biota for application in biodiversity exploration, environ-
mental remediation, metal degradation, agriculture, plant 
growth promotion, industrial application, energy produc-
tion, antibiotherapy, and more. On the other hand, modern 
approaches such as omics technologies, bioinformatics, and 
integrated genomic-proteomic database have revolutionized 
bacterial profiling, enabling the identification of new drug 
targets and accelerating drug discovery. (Fokunang and 
Fokunang 2022). Consequently, the everchanging environ-
mental conditions of mud volcanoes act as powerful selec-
tive pressure to develop novel and extraordinary attributes 
in their resident microorganisms. While, in the present sce-
nario, antibiotic-resistant bacteria (ARB) have emerged as 
a global health crisis due to poor governance, misuse and 
limited drug target innovation (Muzawazi et al. 2024). Par-
allelly, in this situation, pathogens are evolving novel resis-
tance mechanisms, such as moderation of virulence factors, 
stress-response systems, efflux transporters and chaperones, 
beyond classical pathways viz mitigation of DNA inhibi-
tion, membrane disruption, or efflux system modification. 
Notably, many bactericidal antibiotics exert their effect by 
inducing oxidative stress, suggesting a shared mechanism 
underlying their lethality. However, rising multidrug resis-
tance has prompted the search for alternative strategies. In 
view of this fact, scientists advised the co-selection theory 
of heavy metal and antibiotic resistance arises from shared 
resistant genes, regardless of which stressor is present (Hal-
der et al. 2022). Therefore, in this present study, we explored 
whether metal and drug resistance mechanisms are related 
to bacterial oxidative stress mitigation via the SUF system. 
The SUF system assembles Fe–S clusters, which are vital 
for bacterial stress survival by acting as redox-sensitive 
switches that modulate transcription and translation under 
oxidative stress. These clusters also play essential roles in 
core functions such as respiration, photosynthesis, nitro-
gen fixation and gene regulation (Davies 1990; Dowling et 
al. 2017; Blahut et al. 2020; Elchennawi and Ollagnier de 

Choudens 2022; Baran et al. 2023). Mainly three types of 
Fe–S cluster biogenesis machinery are known till date from 
all domains of life, among which nitrogen fixations (NIF) 
system contributes to Fe–S cluster assembly and is essen-
tial to nitrogen fixing organisms. The Iron Sulfur Cluster 
(ISC) system encodes predominantly Fe–S cluster under 
normal condition. Whereas, expression of SUF system is 
upregulated under Fe limited condition and oxidative stress 
(Garcia et al. 2022). The principal mechanisms underly-
ing Fe–S cluster biosynthesis and functionality are largely 
conserved across different organisms. These include mobi-
lization of sulfur and iron, the formation of nascent Fe–S 
clusters on scaffold proteins, and the subsequent delivery of 
cluster to target protein (Nambi et al. 2015). Among diverse 
Fe–S cluster found across three domains of life, 2Fe-2S 
and 4Fe-4S types are most common, typically composed 
of Fe2+/Fe3+ ions and sulfide (S2−) (Pala et al. 2019; Gao 
2020). Fe–S cluster assembly involves multiple proteins: 
SufBCD forms the scaffold for cluster formation, SufSE 
mobilizes sulfur from l-cysteine, SufA transfers the clus-
ter to apoproteins, and SufU may substitute SufE in certain 
systems (Pérard and Ollagnier de Choudens 2018; Fonte-
cave and Ollagnier-de-Choudens 2008). In host, as a part 
of the defense mechanism, oxidative stress is reported to 
be generated upon pathogenesis. However, a group of sci-
entists suggested that pathogenic microorganisms such as 
Mycobacterium tuberculosis, Escherichia coli and Plasmo-
dium vivax may overcome this stress with the help of SUF 
system (Pala et al. 2019; Lo Sciuto et al. 2024; Gorityala et 
al. 2024). Therefore, targeting Fe–S cluster biogenesis via 
SUF system inhibition offers a pathogen-specific strategy 
without compromising host integrity and presents a promis-
ing avenue to combat antibiotic resistance.

In this study, iron tolerant bacteria (ITB) were isolated 
from the Baratang mud volcano and characterized using 
maximum tolerable concentration (MTC) determination for 
FeSO4, antibiotic susceptibility assays, polyphasic and phy-
logenetic profiling. Additionally, comprehensive genome 
analysis and in silico characterization were performed to 
investigate the correlation between experimental evidence 
of bacterial survival under oxidative stress and to hypoth-
esized the role the SUF system in redox stress mitigation. 
Furthermore, a preliminary screening of SUF protein inhib-
itors was conducted to validate as a target candidate for 
anti-biotherapy.
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Materials and methods

Sample collection, physicochemical 
characterization, and bacterial isolation

Mud sample was aseptically collected from Baratang 
mud volcano of Andaman and Nicobar Islands, India (13° 
04′ 12.00″ N and 92° 28′ 12.00″ E). Inductively Coupled 
Plasma Atomic Emission Spectrophotometer (ICP-AES; 
Perkin Elmer, USA; Optical 2100DV) was used to quantify 
metals in the mud sample. Additionally, C, H, N, S con-
centration and C/N ratio of the mud sample were studied 
using Elemental analyzer (Vario EL III, Germany). Fourier 
Transform Infrared Spectroscopy (FTIR, Perkin Elmer, 
USA) analysis was used to detect the presence of functional 
groups in the sample.

Isolation of bacterial sample from mud

After the collection of mud sample from Baratang mud vol-
cano sediment, 1.0 g sample was dissolved in 10 mL 0.9% 
NaCl solution (pre autoclaved), after 60  min incubation 
the solution was serially diluted (up to 10–4 dilution) and 
100 µL sample solution was spread on starch casein agar 
media (SCA, HiMedia, India) ; containing casein-0.3 g L−1, 
soluble starch-10 g L−1, NaCl-2.0 g L−1, KNO3-2.0 g L−1, 
K2HPO4-2.0 g L−1, CaCO3-0.02 g L−1, MgSO4·7H2O-0.05 g 
L−1, FeSO4·7H2O-0.01  g L−1, agar-20  g L−1, and pH-7.0 
(Meena et al. 2023), and minimal salt agar (MSM) media 
with slight modification in media composition (K2HPO4-
0.02 g L−1, KH2PO4-0.02 g L−1, MgSO4·7H2O-0.03 g L−1, 
CaCl2-0.05 g L−1, NaNO3-0.5 g L−1, NH4Cl-0.5 g L−1, glu-
cose 5.0 g L−1). After 72 h of incubation separate colonies 
was selected on the basis of their morphology and purified 
by quadrant striking method to get pure colonies on SCA.

Maximum tolerable concentration (MTC) of FeSO4

All the bacterial isolates were grown in Luria Bertani (LB) 
broth, pH 7.0 (HiMedia, India) and an aliquot of the log phase 
culture(OD600 nm ~ 0.5) were used as inoculum. Then, MTC 
of ferrous sulfate, FeSO4 (HiMedia, India) of the selected 
isolates were determined by growing them (OD600 nm ~ 0.5) 
in minimal salt medium (MSM) with slight modifications 
containing K2HPO4-0.2 g L−1, KH2PO4-0.2 g L−1, CaCl2-
0.05 g L−1, MgSO4-0.03 g L−1, NaNO3-3.0 g L−1, NH4Cl-
3.0 g L−1, with yeast extract-0.1 g L−1; pH-7.0. The cultures 
were then incubated at 37 °C for 48 h in 120 rpm supple-
mented with various concentrations of FeSO4 (100, 200, 
300, 400, 500, 600, 800, 1000 in mg L−1) and absorbance 
were taken by using a visible spectrophotometer (Model 
LI-721, Lasany, India) at 600 nm wavelength.

Antibiotic sensitivity test

Disc diffusion assay was performed (Bauer et al. 1966) for 
antibiotic sensitivity test. After spreading of bacterial inocu-
lums (100  µL) on Mueller Hilton Agar (MHA, HiMedia, 
India), pH 7.0 (Halder et al. 2020) different commercially 
available antibiotic discs (HiMedia, India) like amoxyclav 
(AMC-30 mcg), ampicillin (AMP-10 mcg), ceftazidime 
(CAZ-30 mcg), ceftriaxone (CTR-30 mcg), gentamicin 
(GEN-30 mcg), ofloxacin (OF-5 mcg), chloramphenicol 
(C-30 mcg), streptomycin (S-10 mcg), sulphatriad (S3-300 
mcg), and tetracycline (TE-30 mcg) were placed on agar 
plates (strength of antibiotics are written in bracket). The 
Petri plates were then incubated at 37 °C for 18 h and inhibi-
tion zones (IZ) were measured using Antibiotic Zone (mm) 
Scale-C (PW297, HiMedia, India).

Physio-biochemical characterization of the isolate

Physio-biochemical characterizations were performed fol-
lowing standard protocol (Pelczer 1957). Biochemical 
properties like extracellular enzyme production (catalase, 
amylase, protease and lipase), substrate utilization tests 
(such as citrate, tributyrin, and olive oil) were performed. 
Utilization of carbohydrate sources like d-glucose, fructose, 
sucrose, lactose, xylose, ribose, and galactose were tested. 
Optimal growth under different pH (2–11), salt concentra-
tion 1–16% NaCl and temperature tolerance were deter-
mined through thermal death point analysis, according to 
previously described methods (Holding and Collee 1971).

Phenotypic characterization by microscopic study

After screening with MTC value of FeSO4 and antibiotic 
sensitivity test, the selected bacterial isolate i.e. BRTN was 
initially characterized for cell shape, size, and Gram char-
acteristic using a bright field microscope (Leica DM1000, 
Germany) at 40 × magnification; and a fluorescence micro-
scope (Leica DM1000, Germany) at 40 × after staining with 
4′,6-diamidino-2-phenylindole (DAPI) and observed under 
a blue filter (Hannig et al. 2007). Surface morphology was 
examined using Scanning Electron Microscopy (SEM, Jeol, 
JSM 6390 LV, Japan), while and the internal structures were 
analysed by Transmission Electron Microscopy (TEM, 
JEOL; JEM 1400 plus), following standard protocols (Prior 
and Perkins 1974).

Whole genome sequencing, assembly, annotation, 
and phylogenetic analysis of BRTN

Genomic DNA of a 24 h grown BRTN strain was isolated 
using Zymo research fungal/bacterial DNA mini prep kit, 
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FASTA formats was uploaded to the programming software 
Spine (​h​t​t​p​​:​/​/​​v​f​s​m​​s​p​​i​n​e​​a​g​e​n​​t​.​f​​s​m​.​​n​o​r​​t​h​w​​e​s​t​e​​r​n​​.​e​d​​u​/​c​g​​i​-​b​​i​
n​/​​s​p​i​n​e​.​c​g​i; Accessed on 30.03.2024) to find out the core, 
accessory, and unique genes present in BRTN.

In silico molecular analysis of SUF system as a 
potent drug target

Subtraction, screening, and identification of essential 
proteins

In this in silico study, the Database of Essential Genes (DEG) 
(​h​t​t​p​​:​/​/​​o​r​i​g​​i​n​​.​t​u​​b​i​c​.​​o​r​g​​/​d​e​​g​/​p​u​b​l​i​c​/​i​n​d​e​x​.​p​h​p; accessed on 
21.11.2023) was used to identify genes within Bacillus sp. 
BRTN genome that are essential to cope with harsh condi-
tions (Zhang et al. 2004; Luo et al. 2021; Gorityala et al. 
2024). The corresponding essential protein sequences were 
subjected to BLASTp analysis against the Homo sapiens 
proteome, using an expectation value (e-value) of 10−3. 
For subsequent analysis, only SUF proteins without human 
homolog were considered. The UniportKB database was 
used to retrieve homologous sequences of the SUF family 
proteins through BLASTp analysis.

Determination of subcellular location of the 
selected proteins

To anticipate the location (i.e., whether extracellular, intra-
cellular or membrane bound) of the SUF proteins (SufB, 
SufC, SufD, SufE, IscR, and PaaD-like protein, ApbC, Cys-
teine desulfurase), web server PSORTb (Yu et al. 2010) and 
CELLO v.2.5 (​h​t​t​p​​:​/​/​​c​e​l​l​​o​.​​l​i​f​​e​.​n​c​​t​u​.​​e​d​u​​.​t​w​/​c​g​i​/​m​a​i​n​.​c​g​i) 
were accessed on 17.01.2024 (Jones et al. 2022).

Primary analysis of physico-chemical parameters 
and structure of the selected proteins

The primary physico-chemical parameters of the proteins 
such as number of amino acids, theoretical isoelectric point 
(pI value), grand average of hydropathicity (GRAVY), 
molecular weight, aliphatic index (AI) and instability index 
(II) were computed through ExPASy- ProtParam (​h​t​t​p​​s​:​/​​/​w​e​
b​​.​e​​x​p​a​​s​y​.​o​​r​g​/​​p​r​o​​t​p​a​r​a​m​/ accessed on 15.04.2024).

Analysis of secondary structure of SUF protein

The protein secondary structures (% of α-helix, β turn and β 
sheets) were predicted by Self Optimized Prediction Method 
with Alignment (SOPMA) server (​h​t​t​p​​s​:​/​​/​n​p​s​​a​-​​p​r​a​​b​i​.​i​​b​c​p​​.​f​r​​
/​c​g​​i​b​i​​n​/​n​p​​s​a​​_​a​u​​t​o​m​a​​t​.​p​​l​?​p​​a​g​e​​=​/​N​​P​S​A​/​​n​p​​s​a​_​s​o​p​m​a​.​h​t​m​l; 
accessed on 17.04.2024) (Geourjon and Deleage 1995).

USA (D6005) by following manufacturer’s instruction. The 
quality and quantity of the DNA were assessed using Nano-
Drop 1000 spectrophotometer (Thermo Scientific, USA). 
For optimal resolution, genomic DNA was analyzed by aga-
rose gel electrophoresis using a 1.0% agarose gel matrix. 
The sequencing was done with high throughput sequencer 
Illumina Miseq (Illumina, USA). The library was prepared 
following Illumina TrueSeq DNA PCR-free HT library 
preparation kit. For quality check of raw paired-end Fastq 
reads, FastQC software (Andrews 2010; Kircher 2011) 
was used followed by trimming of low- quality bases using 
Trimmomatic software (Bolger et al. 2014). The resulting 
sequence data was assembled using SPAdes (Bankevich 
et al. 2012), VelvetOptimizer (Zerbino and Birney 2008), 
and ABySS (Jackman et al. 2017). Comparative evalua-
tion of the assemblies was carried out using quality assess-
ment tool (QUAST) (Mikheenko et al. 2023). Type (Strain) 
Genome Server; TYGS (Meier-Kolthoff and Göker 2019) 
was used for further analysis of QUAST results with the 
highest N50 length. Finally, contigs were ordered using pro-
gressiveMauve to obtain the draft assembly of the BRTN 
genome. The assembled contigs were then annotated using 
Prokka software (Seemann 2014), Rapid Annotation Sys-
tem Technology (RAST) (Aziz et al. 2008), and National 
Centre for Biotechnology Information (NCBI) pipeline ​(​​​h​t​
t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​​​​​; accessed on 02.10.2024). The 
phylogenetic analysis was carried out using TYGS server 
and Ez BioCloud (https://www.ezbiocloud.net/.; accessed 
on 10.10.2024).

Visualization of genomic features of strain BRTN

The visualization for genomic features of BRTN was car-
ried out using Proksee server (Grant et al. 2023) and pro-
gressiveMauve webserver (Darling et al. 2004); accessed 
on 10.10.2024. For prediction of genomic islands within 
the genome of BRTN, IslandViewer 4 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​p​​a​t​h​​
o​g​e​n​​o​m​i​​c​s​.​​s​f​u​​.​c​a​​/​i​s​l​​a​n​​d​v​i​e​w​e​r​/; accessed on 15.11.2024) 
was used. Prediction of protein-encoding, rRNA, and tRNA 
genes, analyses of functional genes, and projection of sub-
systems were analyzed by RAST server. Whereas, Compre-
hensive Antibiotic Resistance Database (CARD) ​(​​​h​t​t​p​s​:​/​/​c​a​
r​d​.​m​c​m​a​s​t​e​r​.​c​a​/​​​​​; accessed on 21.11.2024) (McArthur et al. 
2013; Raphenya et al. 2022) and VFDB web tools (https://
www.mgc.ac.cn/VFs; accessed on 21.11.2024) were used to 
check antibiotic resistant genes (ARGs) and virulence status 
of BRTN, respectively.

Core, accessory, and unique genome analysis

The BRTN genome was analyzed using Spine and AGEnt 
(Ozer et al. 2014) tool. Reference genome sequence of 
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Molecular docking and protein–ligand interactions

Molecular docking was performed using CB-DOCK2 
(Cavity-detection guided blind docking) server (Liu et al. 
2022). The docking workflow involved automatic binding 
pocket prediction followed by AutoDock Vina-based dock-
ing simulations. For each SUF protein–ligand pair, multiple 
binding pockets were generated, and the complex with the 
lowest Vina score (indicates the highest binding affinity in 
kcal/mol) was selected for further analysis.

The 2D interaction diagrams of SUF protein–ligand com-
plexes were generated using BIOVIA Discovery Studio to 
identify the interacting amino acid residues. Docking results 
were compared with those of the positive control inhibitors 
to evaluate the potential of newly screened compounds. All 
servers were accessed from 25.02.2025 to 10.05.2025.

Results and discussion

Sampling and study area

During the sample collection in June 2022, the tempera-
ture of sampling point was 37℃ and pH of the mud was 
7.0. However, at the mud emergence site (a small hole like 
structure, Fig.  1c), the temperature was around 40–50℃ 
(Fig. 1b). The mud or sediment sample exhibited a semi-liq-
uid consistency, grayish colour, and slightly slimy texture.

Physicochemical analysis of the mud sample

Elemental analysis showed the presence of carbon 
(0.402%), hydrogen (0.134%), nitrogen (~ 0.009%), and 
sulfur (0.039%) with a high C/N ratio of 45.205. FTIR spec-
tra (Fig. 2a) showed a strong band at 1022.27 cm−1 which is 
the asymmetric stretching vibrations of Al–O/Si–O bonds, 
indicating the presence of Si and Al in the mud. These ele-
ments are the second and third most abundant elements in 
Earth’s crust, respectively (Harris 1993). A weak absorp-
tion band around 794.07  cm−1 corresponds to stretching 
and bending vibration of OH− and H–O–H groups, likely 
due to weakly bound water molecules absorbed on the sur-
face or trapped within geopolymeric products (Krivoshein 
et al. 2022). Strong stretching at 1793 cm−1 and 1870 cm−1 
of acid halides were observed, indicating the presence of 
chlorinated halogen compounds. A medium intensity bend-
ing vibration of alkane methyl group at 1427.32 cm−1 was 
detected. While C=C stretching of disubstituted alkenes 
appeared at 1635.64  cm−1. Additional, C-O stretching 
vibration were detected at 1870.95 and 1793.80 cm−1. ICP-
AES analysis (Fig. 2b) detected a high concentration of Fe 
(57.23 mg L−1), Mg (14.59 mg L−1), Na (11.38 mg L−1), Ca 

Homology modeling and structural validation

At the beginning, amino acid sequences of eight SUF pro-
teins were retrieved and three-dimensional structures were 
generated using SWISS-MODEL (​h​t​t​p​​s​:​/​​/​s​w​i​​s​s​​m​o​d​​e​l​.​e​​x​p​a​​
s​y​.​​o​r​g​/​i​n​t​e​r​a​c​t​i​v​e) server. The best structural models were 
selected based on GMQE values (> 0.6), QMEAN score 
(closest to zero) and higher sequence identity with the 
selected template. Predicted structures of the models were 
validated using the SAVESv6.1 server (​h​t​t​p​​s​:​/​​/​w​w​w​​.​d​​o​e​
-​​m​b​i​.​​u​c​l​​a​.​e​​d​u​/​s​a​v​e​s​/) and MolProbity (​h​t​t​p​​s​:​/​​/​m​o​l​​p​r​​o​b​i​​t​y​
.​b​​i​o​c​​h​e​m​​.​d​u​k​e​.​e​d​u​/). Validation metrics included ERRAT 
scores, clash scores, Ramachandran plots, rotamer outliers, 
backbone geometries and torsion angles. Additionally, the 
ProsSA-web server (​h​t​t​p​​s​:​/​​/​p​r​o​​s​a​​.​s​e​​r​v​i​c​​e​s​.​​c​a​m​​e​.​s​​b​g​.​​a​c​.​a​​t​/​​p​
r​o​s​a​.​p​h​p) was used to analyze the Z-score distributions. All 
servers were accessed during 15.02.2025 to 28.02.2025.

Compound selection for targeting SUF proteins

Potential SUF protein inhibitors were retrieved from 
ChEMBL (https://www.ebi.ac.uk/chembl/), BindingDB (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​n​d​​i​n​g​d​​b​.​o​​r​g​/​​r​w​d​/​b​i​n​d​/​a​s​.​j​s​p), and ​P​u​b​C​
h​e​m (​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​i​​.​n​l​​m​.​n​​i​h​.​g​o​v​/; accession date 
17.02.2025) databases. Specific protein sequences were 
used for target specific ligand selection. Compounds were 
evaluated and selected based on favorable physiochemical 
properties (molecular weight < 500  Da, LogP < 5.0, hydro-
gen bond donors ≤ 5.0, and hydrogen bond acceptors ≤ 10 
(Gorityala et al. 2024). The 3D structures of the selected 
compounds were downloaded in .sdf format from Pub-
Chem. Ligand selection also considered bioactivity data 
such as IC50, Ki, MIC, and EC50 values, corresponding to 
the matched protein targets. Compound 882 and D-cyclo-
serine (CHEMBL1539876) were taken as a positive control 
due to their previously reported inhibitory effects on Fe–S 
cluster biogenesis and cysteine desulfurase activity, respec-
tively (Choby et al. 2016; Garcia et al. 2022). Additionally, 
a series of fluroquinolones, ranging from 1st to 4th gen-
eration antibiotics, were selected to compare their efficacy 
and binding affinity toward SUF proteins. All the selected 
compounds were prepared for docking using Avogadro ​(​​​h​t​
t​p​s​:​/​/​a​v​o​g​a​d​r​o​.​c​c​/​​​​​) tool by adding hydrogen atoms. Geom-
etries of the selected compounds were optimized using a 
force-field energy minimization algorithm. Protein structure 
was also purified by removing water molecules and previ-
ously attached ligands using BIOVIA Discovery Studio. 
All database and tools were accessed during 15.02.2025 to 
28.02.2025.
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Fig. 1  a Geographic coordinates of the sampling area at Baratang mud volcano, Andaman and Nicobar Islands, generated using QGIS software; b 
sampling point and mud volcano vent (from which mud was oozing out); c sediment of the mud; d. and e. broad view of the sampling area
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transduction. Collectively, these cellular features support 
microbial communities to adapt and survive in harsh envi-
ronmental condition (Hemkemeyer et al. 2021; Stautz et al. 
2021; Wendel et al. 2022).

(8.201 mg L−1), and K (4.452 mg L−1) in the mud sample. 
These metal ions are fundamental to maintain both micro-
bial physiology and the unique nature of geological envi-
ronment of mud volcanoes, offering insight into microbial 
survival and with the environmental interactions (Galera-
Laporta et al. 2021). They can function as co-factors essen-
tial for enzymes activity as well as play roles in electron 
transfer, membrane transport, cell wall stabilization, osmo-
regulation pH homeostasis, enzyme activation, and signal 

Fig. 2  a FTIR spectrum showing 
probable functional groups in the 
mud sample, and b elemental com-
position of the mud sample from 
the Baratang mud volcano located 
at the Andaman and Nicobar 
Islands, India
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highest Fe tolerance and had the best capability to allevi-
ate iron-induced toxicity. Iron is an essential micronutrient 
and functions as a co-factor in various biological process, 
including enzymatic activity, cellular metabolism, electron 
transport, and redox reaction (Esquilin-Lebron et al. 2021; 
Klebba et al. 2021; Vats et al. 2022). Since, low concentra-
tions of Fe may promote bacterial growth, excessive levels 
may have toxic effects on organisms (Lankford and Byers 
1973; Pronk and Johnson 1992; Andrews et al. 2003; Cor-
nelis et al. 2011). Supporting this theory, BRTN demon-
strated growth across a wide range of FeSO4 concentration, 
from 10–600  mg L−1. Notably, lower concentration of Fe 
enhanced bacterial growth, suggesting that BRTN utilizes 
Fe as a micronutrient to support its metabolic functions. 
Optimal growth under laboratory conditions was observed 
at 200  mg L−1 FeSO4, beyond which growth gradually 
declined, with increasing FeSO4 concentrations. Finally, 
growth was not evident after 600 mg L−1, possibly that point 
might exerted toxicity on its metabolism due to oxidative 
damage induced by Fenton reaction (Fig. 3e). Other studies 
have reported that strains of Bacillus zhangzhouensis, Bacil-
lus cereus, Bacillus altitudinis, Brevibacterium frigoritoler-
ans, which tolerate up to 550 mg L−1 FeSO4, while Bacillus 
toyonensis, Rhodococcus hoagii, Lysinibacillus fusiformis, 
Lysinibacillus mangiferihumi are reported to tolerate up-to 

Isolation and screening of bacteria from mud 
sample

The collected mud sample was serially diluted up to 10–4 
dilution and spread plating was performed on starch casein 
agar and minimal salt agar media. A total of 10 morpho-
logically distinct bacterial colonies were isolated. Further 
LB media was used for subculture among which the BRTN 
strain was selected based on its ability to tolerate the highest 
iron tolerable concentration (> 600 mg L−1 of FeSO4) using 
MSM media.

Maximum tolerable concentration (MTC) of FeSO4

Among the analyzed elements in the mud sample, Fe 
was the most abundant metal, with the concentration of 
57.23 mg L−1. Therefore, the MTCs of FeSO4 for the bacte-
rial strains were determined applying the described methods 
by Shylla et al. (2021). The experimental evidence showed 
that, BRTN showed the highest MTC value at 600 mg L−1 
FeSO4 (Fig.  3e), while other strains showed MTCs like 
BRTN2 at 500 mg L−1, BRTN3 400 mg L−1, BRTN4 400 mg 
L−1, BRTN5 300 mg L−1, BRTN 9 500 mg L−1, BRTN 10 
600 mg L−1, BRTN11 500 mg L−1, BRTN12 500 mg L−1, 
BRTN13 600 mg L−1 (Fig. S1). Strain BRTN showed the 

Fig.  3  a, b Micrographs of scanning electron microscopy (SEM), 
(size of the bacterium was 425.4 nm in width and 137.8 nm in length, 
scale bar: 200 nm); transmission electron microscopy (TEM) showing 
morphology of BRTN, (scale bar: 200.0 nm) (c), (length of cells 921. 
26 nm and 151.0 nm, scale bar 20.0 µm) (d); e maximum tolerable 

concentration (MTC) value of the isolates in different concentration of 
FeSO4; f antibiotic sensitivity test by using disc diffusion assay (AMC-
amoxyclav, AMP-ampicillin, CAZ-ceftazidime, CTR-ceftriaxone, 
GEN-gentamicin, OF-ofloxacin, C-chloramphenicol, S-streptomycin, 
S3-sulphatriad, TE-tetracycline, ≤ 14-resistance.)
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hydroxyl radicle, as a direct killing mechanism. Similarly, 
high Fe concentrations can also induce ROS formation 
through the Fenton reaction. This suggest that strain BRTN 
may employ adaptive counter strategies to withstand oxida-
tive stress arising from both iron overload and antibiotics 
exposure (Liu et al. 2023). To investigate this, an in silico 
study was performed (discussed in later sections) for further 
confirmation. Moreover, this finding may support the co-
selection theory of heavy-metal and antibiotic-resistance. 
Co-selection facilitated by interventions of chromosomal 
or extra chromosomal (environmental) factors, promoting 
both co-resistance and cross resistance (Pal et al. 2015; Hal-
der et al. 2022; Vats et al. 2022). Heavy metals are strictly 
regulated within bacterial cell, while trace amounts function 
as essential micronutrients, and elevated concentrations are 
toxic. To survive, bacteria must either excrete toxic ions, 
synthesize protective components, or activate alternative 
metabolic pathways to maintain cellular homeostasis. This 
selection pressure may drive the evolution of metal toler-
ance and antibiotic resistance concurrently, contributing to 
bacterial adaptation in extreme environments.

Polyphasic characterization of the isolates

The colony morphology of maximum isolates was circu-
lar in shape, only BRTN3 showed wavy appearance. All 
isolates were nonmotile in nature. Physiochemical char-
acterization for all the isolates is represented in Table  1. 
Particularly the 24 h old colony of isolate BRTN appeared 
round, with a diameter of ~ 0.4  mm, a dry texture, and 
white coloration. Microscopic analysis confirmed that 
strain BRTN was a rod shaped (Fig. 3a, b), Gram-positive 
flagellated bacterium (Fig. 3c, d). A series of biochemical 
tests were performed for partial identification of the isolate 
(Table  1). All the isolates showed positive result to cata-
lase and negative to citrase. While, only BRTN11 produced 
lipaseextracellularly. The optimum growth temperature for 
BRTN was 37  °C, but it can survive in temperatures up 
to 80 °C, as determined by thermal death point. Whereas, 
BRTN2 and BRTN10 showed higher thermotolerance, with 
thermal death point of 100 °C and 90 °C respectively. All 
the isolate exhibit halotolerance, with optimal growth at 4% 
NaCl concentration. They can tolerate salt levels exceeding 
10%, with visible growth observed at concentrations up-to 
14–16% NaCl. All the bacterial isolates showed observable 
growth in alkaline pH. Similar extremophilic traits have 
been reported in thermotolerant Bacillus sp., halotolerant 
Arhodomonas spp. and Haloferax sp. MSNC14, and alka-
line protease producing Bacillus safensis (alkaline protease) 
(Rekik et al. 2019; Matkawala et al. 2021; Benítez-Mateos 
and Paradisi 2023; Aqel et al. 2024). Additionally, BRTN 
produced several extracellular enzymes, including amylase, 

400 mg L−1 FeSO4 (Alnaimat et al. 2017; Jinal et al. 2019). 
These results support the fact that iron tolerance may vary 
greatly across species or strain to strain.

Antibiotic sensitivity test

The selected bacterial isolates were subjected to commer-
cially available antibiotics for the sensitivity profiling. It 
was found that, BRTN showed lowest sensitivity to most of 
the tested antibiotics, and resistance to gentamicin (GEN), 
streptomycin (S), ceftriaxone (CTR), and sulphatriad (S3) 
antibiotics (Fig. 3f). Whereas, other strains such as BRTN12, 
BRTN 13 showed highest sensitivity towards the applied 
antibiotics (Fig. S2). The resistance pattern was determined 
on the basis of clinical laboratory standard institutes (CLSI) 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​i​h​.​​o​r​g​.​​p​k​/​​w​p​-​​c​o​n​​t​e​n​​t​/​u​p​​l​o​​a​d​s​​/​2​0​2​​1​/​0​​2​/​C​​L​S​
I​-​2​0​2​0​.​p​d​f). Based on the criteria of CLSI 2020, if any ​b​a​c​t​
e​r​i​u​m shows an inhibition zone with a diameter of ≤ 14 mm, 
should be considered as resistant strain. Hence, BRTN was 
able to resist antibiotics like GEN, S, CTR, and S3.

Earlier, scientists had been primarily focused on the 
mechanisms of antibiotics that inhibit key bacterial pro-
cesses, such as interference with cell wall synthesis (e.g., 
β-lactam antibiotics penicillin derivatives, cephalosporins, 
monobactams and carbapenems), inhibition of protein syn-
thesis (e.g., aminoglycosides antibiotics- neomycin, strep-
tomycin and kanamycin; tetracycline antibiotics), inhibition 
of nucleic acid synthesis (e.g., trimethoprim antibiotics-Sul-
phonamides), disruption of cell membrane function (e.g., 
aminoglycosides antibiotics- neomycin, streptomycin and 
kanamycin), and inhibition of metabolic pathways (e.g., 
fluoroquinolones-inhibition of DNA metabolism) (Davies 
1990; Dowling et al. 2017; Baran et al. 2023). However, 
the alarming rate of multidrug resistant in bacterial strains 
has prompted to explore alternative antibacterial strate-
gies, such as modification of virulence factors, oxidative 
stress response genes, transporters and efflux pumps, cell 
division machinery, and chaperon proteins (Banerjee et al. 
2019; Vaishampayan and Grohmann 2022). These emerg-
ing approaches are often grounded in the understanding that 
many bactericidal antibiotics exert their effect by inducing 
oxidative stress, thereby generating reactive oxygen species 
(ROS) that damage bacterial components. Interestingly, 
in this study, strain BRTN showed the ability to tolerate 
high concentration of FeSO4 (600 mgL−1), and concur-
rently exhibited resistance to several bactericidal antibiotics 
including Gentamycin, Streptomycin (group- Aminoglyco-
sides), Ceftriaxone (group-β-lactam; class-cephalosporine), 
and Sulphatriad (Sulphonamide class). These antibiotics are 
known to promote oxidative stress in bacteria by enhanc-
ing citric acid cycle rate and electron transport chain flux, 
leading to generate reactive oxygen species (ROS), such as 
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(ncRNA) genes. Whole genome based phylogenomic anal-
ysis using TYGS indicated close proximity with Bacillus 
anthracis (Fig.  4a). Whereas, comparative analysis based 
on average nucleotide identity (ANI) and 16S rRNA gene 
sequence similarity (via the EZBiocloud platform), revealed 
less than 93% similarity with Bacillus paranthracis (Gen-
Bank: PV125264) (https://www.ezbiocloud.net/). Due to 
this low similarity, the BRTN strain has been designated as 
Bacillus sp. (NCBI accession number: PRJNA762599, Bio-
Sample: SAMN21399064).

Visualization of genomic features of strain BRTN

RAST analysis (Fig.  4b, c) showed the metabolism of 
amino acid and derivatives subsystems occupied largest 
number of genes (229) followed by protein metabolism 
(153); carbohydrate metabolism (145); cofactors, vitamins, 
prosthetic groups, pigment (113); and so on. It had many 
stress response genes (29) including multidrug transporter 

protease, catalase, xylanase, and cellulase, although it was 
unable to utilize substrate such as tributyrin and olive oil 
(Table 1). Regarding carbon source utilization, BRTN was 
capable of metabolizing glucose and fructose as primary 
carbon sources.

Whole genome sequencing, assembly, annotation 
and phylogenetic analysis of BRTN

The whole genome sequencing of BRTN was performed to 
predict its genomic features and taxonomic status through 
different web tools. RAST annotation suggested its genome 
size of approximately 3.4 MB and a GC content of 35.9%. 
The assembly consisted of 32 contigs with a N50 value of 
9,63,689 bp. A total of 3,514 protein coding genes were 
identified and categorized into 290 subsystems. Addition-
ally, 187 pseudogenes were also noticed. The genome 
also contained 97 tRNA genes, 14 5S rRNA genes, 8 16S 
rRNA genes, 14 23S rRNA genes, and 5 non-coding RNA 

Table 1  Polyphasic characterization including colony morphology, extracellular enzyme production, salt concentration tolerance by the strain 
BRTN

Bacterial sample
BRTN BRTN2 BRTN3 BRTN4 BRTN5 BRTN9 BRTN10 BRTN11 BRTN12 BRTN13

Colony morphology
Size (cm) 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.5 0.4
Form Circular Circular Wavy Circular Circular Circular Circular Circular Circular Wavy
Margin Entire Regular Irregular Irregular Entire Entire Entire Regular Entire Irregular
Texture Dry Sticky Dry Moisturize Dry Sticky Moisturize Sticky Dry Moisturize
Pigmentation White, 

Non-pigmented
Creamy Non-pig-

mented
Yellowish Creamy Non-

pig-
mented

Yellowish Off-white White,
Non-pig-
mented

Pinkish

Optical property Opaque Trans-
lucent

Transparent Opaque Opaque Trans-
parent

Opaque Translu-
cent

Translu-
cent

Opaque

Motility Motile Non-
motile

Motile Non-motile Non-
motile

Motile Non-motile Non-
motile

Motile Motile

O2 Utilization Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic
Enzyme production assay
Catalase  + ve  + ve  + ve  + ve  + ve  + ve  + ve  + ve  + ve  + ve
Amylase test  + ve  + ve  + ve  + ve  + ve  + ve  + ve -ve  + ve -ve
Protease test  + ve −ve −ve −ve −ve −ve −ve  + ve −ve −ve
Esterase test −ve −ve −ve −ve −ve −ve −ve  + ve −ve −ve
Lipase test −ve −ve −ve −ve −ve −ve −ve  + ve −ve −ve
Xylanase test  + ve  + ve  + ve  + ve  + ve −ve −ve  + ve −ve −ve
Cellulase test  + ve  + ve  + ve  + ve  + ve −ve −ve −ve −ve -ve
Carbohydrate utilization test
Mannose −Ve  + Ve −Ve −Ve  + Ve  + Ve  + Ve  + Ve −Ve −Ve
Sucrose −Ve  + Ve  + Ve −Ve −Ve −Ve −Ve −Ve  + Ve −Ve
Xylose −Ve −Ve −Ve −Ve  + Ve −Ve  + Ve −Ve  + Ve −Ve
Fructose  + Ve  + Ve −Ve  + Ve  + Ve  + Ve −Ve −Ve  + Ve  + Ve
Lactose −Ve −Ve −Ve −Ve  + Ve −Ve  + Ve  + Ve −Ve  + Ve
Galactose −Ve −Ve  + Ve −Ve  + Ve −Ve −Ve  + Ve −Ve −Ve
Ribose −Ve −Ve  + Ve −Ve  + Ve −Ve  + Ve  + Ve −Ve  + Ve
D-glucose  + Ve −Ve  + Ve  + Ve −Ve  + Ve −Ve −Ve  + Ve  + Ve
Remarks: (in case of enzymes, + ve = can produce, −ve = cannot produce; In case of carbohydrate, + Ve = can utilize, −Ve = can-not utilize)
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includes sufABCDES operon (genes like sufB, sufC, sufD, 
sufE, sufS, Paad-like protein, systeine desulfurase, and sufR) 
among which some specific components play crucial roles 
in Fe–S cluster formation (Garcia et al. 2022). SUF system 
encoded proteins play important roles in bacterial survival 
and metabolism under oxidative stress and Fe limited condi-
tion. Oxidative stress on microorganisms could also be gen-
erated due to iron toxicity, antibiotic stress or other adverse 
conditions (Le Touati 2000; Ezraty et al. 2013; Guillouzo 
and Guguen-Guillouzo 2020; Elchennawi and Ollagnier de 
Choudens 2022; Liu et al. 2023). In this study, reduction 
of bacterial growth under high Fe concentration and antibi-
otic treatment may also be associated with oxidative stress. 

(Bcr/cfiA), MDR cluster, DNA gyrase subunit A and B, 
MATE family MDR pump, acriflavine resistance protein 
(AcrB); some heavy metal and multi metal resistance pro-
tein; transporter genes such as CzCD, Trcd, MerR, HmrR, 
Cia, Csa and ATPase pump etc. It also contained Fe trans-
porter genes like PitA, PitC, PitD, IsdACDEF operon, 
siderophore protein (YuiI), Fe uptake system, siderophore 
binding protein FeuA, FeuB, FeuC, petrobactin (PB_PBP, 
PB_ABP, PB_PPI), ferric uptake regulator protein i.e., FUR, 
some oxidative stress regulator proteins involving superox-
ide dismutase, PerR etc. (Fig. 4b, c). The genomic feature 
of BRTN represented many genes including Fe–S cluster 
biogenesis machinery i.e., SUF system. This SUF system 

Fig. 4  a Strain identification using the TYGS server showing phylogenetic relationships; b circular genome map of BRTN displaying annotated 
genomic features; c. subsystem feature distribution generated through RAST annotation
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genetic elements that can move from one DNA to another 
to acquire new genes during transposition (Da Cunha et al. 
2022). BRTN GI associated genes are usually related with 
DoxX family protein (function in Mycothiol recycling and 
cellular detoxification) (Nambi et al. 2015). GI-3 acquired 
SSpL (small acid soluble spore protein) plays an important 
role in DNA protection in dormant endospore against stress 
damage (Nerber and Sorg 2021). Additionally, the DHA2 
family major facilitator superfamily (MFS) efflux trans-
porter permease subunit, associated with antibiotic resis-
tance, is also present in BRTN genome; these MFS efflux 
involves Fe efflux transport. DHA2 is a proton (H+) pump 
that exchanges two H+ with one substrate/drug (Pasqua et 
al. 2021). HLyD is also an important component of Cus-
CFA multidrug efflux pump (Halder et al. 2022). Addition-
ally, TetR/AcrR family transcriptional regulators (TFTRs) 
are also present in BRTN genome, which are reported to 
regulate virulence and resistance-related functions in bacte-
ria (Colclough et al. 2019). IslandViewer 4 detected many 
hypothetical proteins within the GI and these proteins may 
play crucial roles in cellular metabolism and contribute 
to our understanding of mobile genetic elements acquired 
through horizontal gene transfer. Moreover, they could serve 
as candidates for uncovering novel stress response or regu-
latory mechanism. Interestingly, BLAST analysis between 
hypothetical proteins and SUF family proteins revealed that 
one hypothetical protein shared approximately 53% query 
coverage with IscR (iron-sulfur cluster regulatory protein). 
This finding suggests that certain hypothetical proteins may 
be involved in regulating core bacterial metabolic process 
or enhancing stress tolerance.

Core, accessory, and unique genome analysis

Genome analysis revealed that the total genome size of 
BRTN is 3,350,148 bp, of which 2,943,451 bp represented 
the core genome, 406,572 bp corresponded to the accessory 
genome, and only 125 bp was determined as unique genome 
part(Fig.  5b). Mobile genetic elements (MGEs) were fre-
quently located within the accessory genome, contributing 
to genomic plasticity and adaptive functions. To further 
analyze these elements, the final sub-element file obtained 
through ClustAGE was subjected to WebMGA analysis for 
Cluster of Orthologous Groups (COG) functional categori-
zation. ClustAGE clusters nucleotide sequences of acces-
sory genomic elements (AGEs) to identify the minimal set 
of AGEs within a population and to determine their distribu-
tion across genome.

While, Fe tolerance as well as antibiotic resistance could 
be directly or indirectly related to SUF system. The study 
of SUF proteins is significant for several reasons. Various 
studies have demonstrated that the SUF system may func-
tion as the sole pathway for Fe–S cluster biogenesis in 
many bacterial species (Dussouchaud et al. 2024); also in 
our computational study, through RAST and whole genome 
sequence analysis we also evaluated that BRTN possesses 
only SUF system as Fe–S cluster biogenesis machinery. 
The genes involved in Fe–S cluster formation are often 
expressed during the lag phase of bacterial growth (Rolfe et 
al. 2012). It is also known that elevated Fe concentrations 
during lag phase induce oxidative stress, which may, in turn, 
trigger the activation of the SUF operon to enhance bacterial 
defense mechanism and support growth during logarithmic 
phase. CARD database has identified a cluster of genes con-
ferring glycopeptide resistance, indicated by the presence 
of van gene clusters (vanT, vanW, vanY from different clus-
ters including vanB, vanF, vanG, vanI), all associated with 
antibiotic target alteration mechanism. Additionally, a mac-
rolide resistant gene, mphL (macrolide phosphotransferase) 
was detected, conferring resistance via antibiotic inactiva-
tion (Supplementary file 2). The VFDB-based analysis of 
the strain BRTN revealed the presence of a restricted set 
of virulence-associated genes. These include sph and hal, 
which are interacted with host membrane, ilsA involved in 
iron acquisition (Daou et al. 2009), and the global regulators 
papR and plcR, known to control the expression of multiple 
virulence factors in Bacillus spp. (Pheepakpraw et al. 2025). 
In addition, cheA (chemotaxis regulator) was identified sug-
gesting a possible role in host colonization (Supplementary 
file 2).

Genomic islands

A total of 3 Genomic Islands (GIs) of BRTN have been 
identified which covered only 2% of the genome. Genomic 
island-1 and 2 (GI-1 and 2) (Fig. 5a) harbored Tn7 super-
family genes. These are known to involve five transposons 
encoded genes tnsABCDE. Gene tnsA is responsible for 
making breaks in the 5′ end of DNA allowing excision via 
cut-and-paste mechanism, tnsB (large family of bacterial 
transposons), tnsC gene is encodes as regulatory proteins, 
tnsD directs the transcription into chromosome attTn7, 
whereas tnsE encourages horizontal transmission of mobile 
genetic elements. Many studies confirmed that Tn7 like 
elements play a major role in antibiotic resistance, non-
ribosomal peptides synthesis, metal resistance, and bacte-
rial CRISPR system (Peters et al. 2017). Another major 
transposon element belongs to DDE-type integrases/trans-
poses/recombinase family, which has been also found to be 
integrated within BRTN genome. Transposons are mobile 
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contains an active cysteine residue that participates in desul-
furation and donate sulfur for the assembly of Fe–S clusters. 
The SufS/cysteine desulfurase is a pyridoxal 5′-phosphate 
(PLP)-dependent enzyme (Loiseau et al. 2003). PLP binds 
at catalytic site of l-cysteine and cuts C-S bond leading to 
the transfer of sulfur atom from l-cysteine to a conserved 
cysteine residue on SufS, resulting into the formation of a 
persulfide (–SSH) intermediate. This persulfide intermedi-
ate is then accepted by SufE, which enhance the activity 
of SufS, enabling it to catalyze the desulfuration of addi-
tional l-cysteine molecules to release more sulfur atoms. 
Further, SufE transfers the sulfur atom to SufB. Though 

In silico molecular analysis of the SUF system as a 
potent drug target

In this experiment, through RAST analysis, the presence 
of different metal and multidrug resistance proteins was 
observed. BRTN harbored a significant number of genes 
(Fig. 6a) like sufB (scaffold protein), sufC (ATPase), sufD 
(scaffold protein), and sufE2 (acceptor protein). The SUF 
family proteins are used to generate Fe–S cluster protein 
under stress conditions. PaaD and IscR (Fe–S cluster reg-
ulator) play potential role in Fe acquisition, metabolism 
and regulatory process. The cysteine desulfurase protein 

Fig. 5  a Genomic islands identified 
in the BRTN genome using Island-
Viewer 4; b Pangenome analysis 
showing core, accessory, and 
unique genomic regions. Overall, 
the accessory genomic content was 
relatively low in this strain.

 

1 3

Page 13 of 22  280



Archives of Microbiology (2025) 207:280

process is strictly regulated by IscR protein (thought as a 
pleiotropic regulator). BRTN also possessed Paad-like pro-
tein with DUF59 domain, which is a conserved domain but 
its function is still elusive. However, the SUF protein SufT, 
which contains the conserved DUF59 domain, is reported to 
localize with SufBC proteins and plays a role in Fe–S clus-
ter assembly and maturation, particularly under conditions 
of elevated Fe–S cluster demand (Mashruwala et al. 2016). 
Scaffold proteins like ApbC and MRP-like proteins play a 
crucial role in [4Fe-4S] cluster assembly by facilitating the 
assemblage and delivery of these clusters to target proteins, 
acting as a platform for the process. This protein contains an 
ATP binding motif and a conserved CXXC motif involved 
in the binding of a bridging Fe–S cluster between monomers 
(Pardoux et al. 2019). Interestingly, these findings not only 
deepen the fundamental understanding of Fe–S cluster for-
mation but also open doors for practical applications across 
multiple fields including therapeutic development. In this 

the exact residue on SufB that receives persulfide remains 
unknown (Blahut et al. 2020). SufB provides a platform 
for the assembly of Fe–S cluster. It interacts with SufC and 
SufD forming a stable complex as a scaffold protein (Py and 
Barras 2010). SufC is a member of the ABC- transporter 
family and functions as a dimer, with one subunit binding 
to C-terminal helical domain of SufB and the other to the 
corresponding domain of SufD (Yuda et al. 2017). During 
ATP binding and hydrolysis process transient dimerization 
occurs, which triggers a conformational change at SufB-
SufD interface, leading to the dissociation of anti-parallel 
β-sheets by exposing residues of SufBC405 and SufDH360 
buried within the β-helix core domain on which the nascent 
Fe–S cluster assembly occurs (Yuda et al. 2017). After for-
mation of Fe–S cluster it will be trafficked by SufA (sulfur 
mobilization protein) to the target apoprotein or the receiver 
apoprotein depending on environmental condition (Py and 
Barras 2010). For the Fe source, SufBCD system uses 
FADH2 as a redox cofactor (Wollers et al. 2010). All this 

Fig.  6  a Genomic locations and predicted 3D structures of all SUF 
proteins; b predicted secondary structures of all SUF proteins; c sche-
matic representation of the Fe–S cluster biogenesis mechanism in nor-

mal condition (1), normal and oxidative stress condition (2), condition 
after application of inhibitors (3), which results in cell death
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as amino acids compositions, pI, instability index, molecu-
lar weight, GRAVY, and aliphatic index (Table S2). It has 
been found that SufB, SufC, SufD, and SufE primarily are 
composed of basic amino acids, while cysteine desulfurase 
protein is dominated by acidic residues. In contrast, ApbC 
and IscR contain a balanced composition of both acidic and 
basic amino acids. SufB, SufC, SufD, SufE, Paad like pro-
tein, ApbC, IscR and cysteine desulfurase showed instabil-
ity index of 33.84, 32.88, 24.14, 35.13, 37.57, 35.13, 51.10 
and 28.71 respectively. Proteins with an instability index 
below 40 are considered as highly stable (Guruprasad et al. 
1990; Sarkar et al. 2025).

Analysis of secondary structure SUF protein

SOPMA server (Geourjon and Deleage 1995) was utilized 
to predict secondary structures of the proteins (Figs.  5b, 
S1). Parameters included a window width of 17 and a simi-
larity threshold of 8. Cysteine desulfurase was commonly 
rich in random coils, playing an important function in pro-
tein’s flexibility and conformational changes. In addition, 
high percentage of α- helices were found in all the selected 
Fe–S cluster biogenesis proteins (Fig. 6b), which signified 
thermal resistance of proteins based on their intrinsic stabil-
ity (Petukhov et al. 1997; Kumar et al. 2000; Sarkar et al. 
2025). Moreover, it has been found that all the proteins of 
SUF system belongs to Fe–S cluster formation. Secondary 
structure analysis showed that, α helices accounted for an 
average of 41% of the total secondary structure. The pre-
dominance of α helices suggested that these proteins had 
stable core structure which is essential for maintaining it 
integrity under stress condition, and also crucial for provid-
ing stability and backbone through hydrogen bonding. The 
proportion of beta turn for all the SUF proteins is ~ 5.77%. 
Although β turn occupied a small portion, they are essential 
for compact folding and proper spatial arrangement of pro-
tein. They may connect different structural elements (e.g., 
α helices and β sheets) and contribute to the formation of 
active sites or ligand-binding pockets. The combined pres-
ence of β sheets and extended strands (~ 37.02%), suggests 
a robust structural framework. This rigidity is crucial for 
proteins like SufB and SufD, which form the core of scaf-
fold complex and provide a stable platform for Fe–S cluster 
assembly. The substantial presence of coils indicates that the 
protein has flexible regions, allowing it to adapt to confor-
mational changes during Fe–S cluster assembly and transfer 
(Choby et al. 2016; Blahut et al. 2020; Dussouchaud et al. 
2024).

section, in silico analyses of the SUF proteins will be carried 
out to identify the best protein for targeting drugs.

Subtraction, screening and identification of 
essential proteins

A computational subtractive genomics analysis was 
employed to identify essential, hypothetical, and non-
homologous proteins. By implying DEG database, around 
614 genes were identified as essential in the Bacillus sp. 
BRTN genome (Supplementary file 2). Among these, 177 
were designated as hypothetical proteins. BLASTp of SUF 
proteins against Homo sapiens resulted with “NoHits” 
(indicating non-homologous sequences). For subsequent 
analysis, the non-homologous sequences, which exhibited 
no similarity with human host, were specifically chosen. 
Considering their essentiality, non-host nature, and involve-
ment in vital pathways, all proteins in the SUF pathway 
hold promise as potential candidates for novel drug targets 
(Gorityala et al. 2024). Targeting any of these proteins could 
disrupt a pathway crucial for the pathogen’s growth and 
survival. Inhibition of Suf proteins with specific inhibitors 
could impede Fe–S cluster assembly (Gorityala et al. 2024), 
thereby inducing a bactericidal effect through the Fenton 
reaction.

Determination of subcellular location of the 
selected proteins

Understanding the sub-cellular localization of a drug target 
is crucial for optimizing the drug’s mode of action against 
specific target. Numerous examples in literature highlight 
cytoplasmic proteins as effective therapeutic targets due to 
their accessibility to drugs. The prediction of sub-cellular 
localization of Suf proteins was accomplished using com-
putational tools, specifically PSORTb and CELLO. It was 
found that, these proteins are localized in the cytoplasm. The 
TMHMM value showed that these proteins did not possess 
transmembrane helices, further confirming their cytosolic 
location (Table S1). CELLO combines the sequence cod-
ing scheme analysis of amino acid composition, di-peptide 
composition, partitioned amino acid composition as well as 
physico-chemical properties of amino acids to determine 
the location of the proteins in the bacterial cells.

Primary analysis of physiochemical parameter and 
structure of selected proteins

Computational analysis of the physiochemical parameters 
of a protein gives a theoretical overview of the behavior and 
nature of the protein. Here, the SUF proteins were primar-
ily characterized by basic physiochemical parameters such 
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and π–cation contacts, may interfere with DNA-binding or 
redox-sensing capacity (Rajagopalan et al. 2013). Hydro-
gen bonds, particularly N–H⋯O types, play critical role 
in orienting ligands within the binding pockets, while π–π 
stacking interactions significantly enhance binding affin-
ity (Ferreira de Freitas and Schapira 2017; Gallina et al. 
2014). Consistent with this, our docking results indicated 
that most SUF proteins exhibited strong binding affinities 
with ligands forming multiple hydrogen bonds comple-
mented by hydrophobic and aromatic interactions. Among 
all proteins, SufD showed the highest binding affinity with 
ChEMBL3962891 (Vina score − 14.4; Fig. 7), followed by 
ChEMBL3912062 (− 9.5), driven by hydrogen bonding and 
extensive hydrophobic contacts, suggesting strong confor-
mational stabilization of the binding pocket. SufC showed 
highest affinity with CHEMBL3908295 (-8.6), where π–π 
and π–sulfur interactions were predominant, which indi-
cates possible interference with ATP hydrolysis. Addition-
ally, SufB has the best interaction with two compounds 
ofloxacin, and ChEMBL3921511 with Vina score of -9.7, 
and -9.6 respectively. IscR showed highest binding affinity 
with ChEMBL3908295 (–9.4), suggesting that aromatic and 
charged residues in its DNA-binding domain contribute to 
ligand stabilization (Rajagopalan et al. 2013). For SufE2, 
the top interaction with CHEMBL3718414 suggested the 
ligand-binding pocket of SufE2 accommodates hydrophobic 
and charged groups, possibly contributing to its functional 
flexibility. ApbC and cysteine desulfurase were also notable 
targets, with compound 882 (positive control) showed strong 
binding to ApbC (− 9.1), consistent with previous reports on 
its inhibitory effect on aconitase activity via SUF protein 
targeting (Choby et al. 2016). Similarly, cysteine desulfu-
rase displayed strong interactions with CHEMBL3908295 
and CHEMBL3651495 (− 9.3 and − 9.1). Cycloserine did 
not exhibit any significant affinity toward SUF proteins in 
this study due to limited hydrophobic and aromatic features. 
Unlike fluoroquinolones or other selected ligands, cycloser-
ine lacks extended aromatic scaffolds and halogen substi-
tutions that could enhance π-stacking or halogen bonding, 
which are critical for high-affinity binding (Lu et al. 2012).

When evaluating binding affinities of antibiotics across 
generations, third and fourth-generation antibiotics demon-
strated higher docking scores with SUF proteins, implying 
better binding potential. Notably, SufB showed the highest 
affinity with Ofloxacin, a second-generation fluoroquino-
lone, suggesting the potential broad-spectrum binding ver-
satility of this protein. Structural modifications introduced 
in later-generation fluoroquinolones, including additional 
halogen substitutions and extended aromatic moieties, likely 
enhanced π–π stacking, hydrophobic interactions, and halo-
gen bonding (Gallina et al. 2014). The interaction profile 
of Ofloxacin with SufB was dominated by a conventional 

Model selection and validation

All models had  GMQE value > 0.8 with sequence identity 
of more than 90%. MolProbity confirmed that > 90% resi-
dues were situated within the favored region. Additionally, 
selected models passed backbone geometry and torsion 
angle with significant scores. Evaluation of ERRAT scores 
(> 80%) across models indicated that models were of high 
quality. All the selected models have a GMQE value > 0.8 
and sequence identity is > 90%. (Figs. S2 to S4, and Table 
S3).

Compound selection for targeting SUF proteins and 
molecular docking

SUF system plays a crucial role in Fe–S cluster assembly, 
particularly under oxidative stress and Fe limiting condi-
tions and is indispensable for bacterial survival when ISC 
system is compromised. Unlike human cells, which primar-
ily rely on the mitochondrial ISC (Fe–S Cluster) pathway, 
many pathogenic bacteria (Staphylococcus hominis, Micro-
bacterium tuberculosis) depend predominantly on the SUF 
system (Garcia et al. 2019). Previous studies have reported 
SUF inhibitors in pathogens such as Mycobacterium tuber-
culosis, Enterococcus faecalis, and Plasmodium falciparum 
(Blahut et al. 2020). Additionally, compounds such as 882 
and D-cycloserine have shown inhibitory effects on Fe–S 
cluster biogenesis (Huet et al. 2005; Charan et al. 2014). 
Considering the rise of antibiotic resistance, structure-based 
virtual screening was performed to identify potential inhibi-
tors against eight SUF-associated proteins (SufB, SufC, 
SufD, PaaD, ApbC, IscR, cysteine desulfurase, and SufE2).

Within the genome of BRTN, presence of SufB, SufC, 
and SufD is a clear indication of presence of a functional 
SUF system. Previous study reported that 882 compound 
(PubChem CID 719865) inhibited aconitase activity by 
targeting SufC (Choby et al. 2016). However, our dock-
ing analysis (Figs. S10 to S37, and Tables S4 and S5) 
revealed that, 882 exhibited the strongest binding affinity 
with Apbc (Vina score − 9.1) followed by SufD and IScR 
(Vina score − 8.2). Its affinity for SufC was comparatively 
lower (− 7.2). The higher affinity toward ApbC was primar-
ily driven by polar contacts, suggesting a more statically 
stable complex, possibly impeding cofactor exchange or 
substrate turnover. In contrast, binding to SufC involved 
π–π and π–σ interactions, which are often associated with 
non-covalent anchoring in hydrophobic pockets. Given that 
SufC functions as an ATPase, such interactions may hin-
der necessary domain motions required for ATP hydroly-
sis and Fe–S cluster assembly (Williams et al. 2004). The 
interaction with sufD likely affects the SufBCD complex 
assembly, whereas IscR binding, enriched with π–alkyl 
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Kuhn et al. 2020). These results suggested that SUF pro-
teins, particularly SufD, SufC, and ApbC represented prom-
ising drug targets, and several identified ligands showed 
comparable or superior binding potential to the known 
inhibitor 882.

In summary, mud volcano sample has been collected and 
characterized its elemental composition, and observed a 
notably high iron concentration. Upon culturing the sample, 
ten distinct bacterial colonies were found, among which 
BRTN exhibited the highest iron tolerance (up to 600 mg 

hydrogen bond (Met), carbon–hydrogen bond (Thr), and 
π–alkyl and π–π stacked interactions (Pro, Trp), consistent 
with previous findings that hydrophobic and aromatic inter-
actions are key determinants of high-affinity ligand binding 
(Ferreira de Freitas and Schapira 2017). Overall, conven-
tional hydrogen bonds emerged as the dominant interaction 
type, followed by π–alkyl and carbon-hydrogen contacts, in 
agreement with earlier findings that efficient ligands often 
rely on hydrophobic stabilization rather than excessive 
hydrogen bonding (Ferreira de Freitas and Schapira 2017; 

Fig. 7  Docking of SufD with top 9 compounds showing Vina scores and their PubChem IDs
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